
ORIGINAL RESEARCH

Dual role of ARPC1B in regulating the network between tumor-associated 
macrophages and tumor cells in glioblastoma
Tianqi Liua*, Chen Zhua*, Xin Chena*, Jianqi Wua, Gefei Guana, Cunyi Zoua, Shuai Shena, Ling Chenb, Peng Chenga, 
Wen Chenga, and Anhua Wua

aDepartment of Neurosurgery, The First Hospital of China Medical University, Shenyang, Liaoning, China; bDepartment of Neurosurgery, Chinese 
People’s Liberation Army of China (Pla) General Hospital, Medical School of Chinese Pla, Institute of Neurosurgery of Chinese Pla, Beijing, China

ABSTRACT
The tumor microenvironment (TME) plays a critical role in promoting the growth and metastasis of 
glioblastoma (GBM). Tumor-associated macrophages (TAMs), the most abundant myeloid cells infiltrating 
in TME, produce proinflammatory cytokines, regulate glioma cell pools, and lead to GBM progression. 
Understanding the mechanism of GBM-TAMs regulation can help to find new targeted therapeutic 
strategies against GBM. Based on the CGGA and TCGA GBM cohorts, ARPC1B was defined as the key 
macrophage-associated gene with prognostic value. Higher ARPC1B expression was associated with 
progressive malignancy, poor outcomes and TAM infiltration. We demonstrated that macrophage- 
expressed ARPC1B promoted the migration, invasion, and epithelial–mesenchymal transition of glioma 
cells. Glioma-intrinsic ARPC1B also maintained the malignant phenotype and promoted macrophage 
recruitment. Positive feedback signaling between macrophages and glioma cells via ARPC1B was deter-
mined to be under control of the IFNγ-IRF2-ARPC1B axis. This study highlights the important role of 
ARPC1B in GBM malignancy progression and the regulation network between GBM and TAMs, suggesting 
ARPC1B as a novel biomarker with potential therapeutic implications.
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Introduction

Glioblastoma (GBM) is the most common malignant brain 
tumor, which is associated with high recurrence and mor-
tality rates.1 One of the main contributors to the poor 
prognosis of GBM despite comprehensive treatment is 
that current treatments mostly target the tumor cells them-
selves, while ignoring the importance of the tumor micro-
environment (TME).2 Malignant GBM is characterized by 
a complex microenvironment composition, in which the 
median proportion of tumor cells within glioma tissue is 
only 74%.3 In recent years, evidence has accumulated to 
demonstrate that the occurrence and progression of GBM 
are based on the interactive transformation process of 
glioma cells and their surrounding cells in the TME.

Tumor-associated macrophages (TAMs) are the most 
abundant immune cell type in GBM tissues.4 Many research 
groups, including our group, have demonstrated the crucial 
role of TAMs in creating an immunosuppressive microen-
vironment, and thus accelerating the proliferation, angio-
genesis and treatment resistance (radiotherapy, 
chemotherapy, and immunotherapy) of GBM.5–7 

Therefore, exploring the interaction mechanism between 
glioma cells and TAMs can help to resolve the regulatory 
network in GBM immune microenvironment. This interac-
tion can further guide the development of new TME- 
targeted therapeutic strategies for GBM.

Accordingly, the aim of this study was to identify key genes 
associated with TAMs in GBM that are linked to tumor pro-
gression, as well as to explore the underlying mechanism. In 
this study, we reveal ARPC1B (actin-related protein 2/3 com-
plex subunit 1B) as a novel regulator for GBM-TAM regula-
tion. Actin-related protein 2/3 complex (Arp2/3) is an 
evolutionary conserved molecular machine that generates 
branched actin networks.8 Over the years, dysregulation of 
the Arp2/3 regulatory system in cancer has been described 
that excessive activation of the Arp2/3 complex commonly 
promotes tumor progression.9–11 ARPC1B is one of the regu-
latory subunits of Arp2/3 complex, which facilitates assembly 
and maintenance of the whole complex.12 Mutations in the 
ARPC1B gene have been found to result in autosomal recessive 
syndrome of combined immune deficiency, impaired T-cell 
migration and proliferation and thrombocytopenia.13–15 

Meanwhile, ARPC1B is correlated with malignant phenotypes 
of tumors such as melanoma, osteosarcoma, and oral squa-
mous cell carcinoma.16–18 Unfortunately, there is no compre-
hensive report on ARPC1B in GBM. Toward this end, we set 
out to describe ARPC1B function in GBM-TAM regulating 
network. We further evaluated the impacts and mechanism 
in vitro using glioma cell lines and in vivo using orthotopic/ 
subcutaneous GBM mouse models. These findings can provide 
new insight into GBM progression and provide a possible 
therapeutic target.
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Material and methods

Data

Our study covered 1024 gliomas from the Chinese Glioma 
Genome Atlas (CGGA) RNA-seq cohort and the Cancer 
Genome Atlas (TCGA) RNA-seq cohort. The CGGA cohort 
consisted of 325 gliomas. The detailed clinical information of 
325 patients was obtained from the CGGA database (http:// 
www.cgga.org.cn). Tumor tissue samples were collected at the 
time of surgery after informed consent. The histological diag-
noses of these samples were confirmed by two neuropatholo-
gists according to the 2010 World Health Organization 
(WHO) classification guidelines. Overall survival (OS) was 
calculated from the date of diagnosis to death or the end of 
follow-up. The point of death was defined by death certifica-
tion, which could be acquired by local hospitals or police 
stations. Methods for sequencing, detecting IDH status, and 
MGMT promoter methylation state were formerly described.3 

Another 699 glioma cases were included from the TCGA 
database (https://tcga-data.nci.nih.gov/tcga/). Information of 
these patients are available from corresponding website 
above. GSE55750 database (https://www.ncbi.nlm.nih.gov/ 
geo/query/acc.cgi?acc=GSE55750) was used for discovering 
the upstream of ARPC1B in glioma cells.

Patients’ samples

The glioma samples for immunohistochemistry examining the 
expression of ARPC1B (1 case for non-tumor brain tissue as 
control, 3 cases for grade II, 3 cases for grade III, and 3 cases for 
grade IV, respectively) were collected at the First Hospital of 
China Medical University. Patient samples for Western blot 
were collected at the First Hospital of China Medical 
University, including 13 samples (12 glioma tissues: 4 cases 
for grade II, III and IV, respectively, and 1 non-tumor brain 
tissues from cranial injury internal decompression as control). 
30 GBM tissues for immunohistochemistry examining the 
correlation between ARPC1B and macrophage (IBA1) were 
collected at the First Hospital of China Medical University. 
The histological diagnoses of all these samples were confirmed 
by two neuropathologists according to the 2010 WHO classi-
fication guidelines. This study was approved by the Ethics 
Committee of the First Hospital of China Medical University. 
Informed consent was obtained from each patient.

Gene Set Enrichment Analysis (GSEA), Gene Set Variation 
Analysis (GSVA) and Principal Component Analysis (PCA)

GSEA (http://www.broadinstitute.org/gsea/index.jsp) was per-
formed to explore whether the identified sets of genes showed 
statistical differences between two groups stratified as 
described above.19 Normalized enrichment score and false 
discovery rate were used to determine the statistical signifi-
cance. GSVA R package (http://www.bioconductor.org) was 
used to calculate the assessment of the underlying pathway 
activity variation according to the gene sets of defined signaling 
pathways. PCA were made by R language to distinguish differ-
ent group information.

Transcription Factors (TFs) prediction

To predict the TFs of ARPC1B, we fist collected the sequencing 
of ARPC1B gene promoter by UCSC Genome Browser (http:// 
genome.ucsc.edu/). Next, we used PROMO website (http:// 
alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi? 
dirDB=TF_8.3) to predict the TFs of ARPC1B gene. The max-
imum matrix dissimilarity rate was set as zero.

Immunohistochemical staining

The ARPC1B and IBA1 expression in clinical patients’ tissues 
while ARPC1B, N-cadherin, E-cadherin and IBA1 expression in 
the tumor tissues extracted from different groups of intracranial 
and subcutaneous mouse model was detected by immunohis-
tochemistry (IHC). Paraffin sections immunohistochemistry 
was conducted as mentioned previously.20 These expressions 
were calculated by German immunohistochemical score (GIS). 
Percentage of positive cells was graded as 0 (negative), 1 (up to 
10%), 2 (11–50%), 3 (51–80%), or 4 (>80% positive cells) and 
staining intensity as 0 (no staining), 1 (weak), 2 (moderate), or 3 
(strong). The final immunoreactive GIS was defined as the 
multiplication of both grading results (percentage of positive 
cells * staining intensity).

Immunofluorescence staining

4 μm thick section slides from frozen human tissue were washed 
three times in PBS. Then the sections were permeabilized with 
0.5% Triton X-100 (T8200, Solarbio) for 20 min. After 5% BSA 
incubation for 1 h, sections were incubated in ARPC1B and glial 
fibrillary acidic protein (GFAP) antibodies at 4°C overnight. 
Following incubation with fluorescein (FITC) or rhodamine 
(TRITC) secondary antibody and 4’,6-diamidino-2-phenylin-
dole (DAPI, C0060, Solarbio), the samples were detected using 
fluorescence microscope (Leica). The images were merged digi-
tally to monitor the co-localization condition.

Cell lines and culture

Glioma cell lines U87 and human mononuclear macrophage 
line (THP-1) were purchased from the Shanghai Cell Bank of 
the Chinese Academy of Sciences (Shanghai, China). Human 
microglia line HMC3 and murine glioma cell line GL261 were 
obtained from American Type Culture Collection (Manassas, 
VA, USA). The extraction of the patient-derived primary 
glioma cells (PGC28) were extracted as previously 
described.21 U87 and GL261 were maintained in Dulbecco’s 
modified Eagle’s medium (DMEM, 10566024, Gibco) supple-
mented with 10% fetal bovine serum (FBS, 16140071, Gibco) 
and 1% penicillin/streptomycin (10378016, Gibco). PGC28 
and THP-1 were maintained in RPMI-1640 medium 
(61870036, Gibco) supplemented with 10% fetal bovine 
serum and 1% penicillin/streptomycin. THP-1 monocytes 
were primed with 5 nM PMA (P1585, Sigma) for 48 hours to 
become THP1-derived macrophages. HMC3 were maintained 
in Minimum Essential Medium (MEM, 12561056, Gibco) sup-
plemented with 10% fetal bovine serum and 1% penicillin/ 
streptomycin. All cells were cultured at 37°C with 5% CO2.
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GSC isolation and culture

The gliomasphere (GSC21) used in this study was gener-
ated from primary GBM tumors. Briefly, the specimens 
were cut into small pieces, digested into single cells with 
Accutase (A6964, Sigma), and red blood cells were lysed 
by Red Blood Cell Lysis Buffer (R1010, Solarbio). Cell 
suspensions were then passed through a 70 μm stainless 
steel mesh and re-cultured in the serum-free stem cell 
medium. GSC21 was cultured in DMEM/F-12 medium 
(10565018, Gibco) containing 2% (vol/vol) B27 supple-
ment (17504044, Gibco), epidermal growth factor (EGF, 
20 ng/ml, AF-100-15, Peprotech), basic fibroblast growth 
factor (bFGF, 20 ng/ml, AF-100-18B, Peprotech) and 
heparin (2.5 μg/ml, H3149, Sigma). Only early passage 
GSC cells were used for the study. GSC21 were cultured 
at 37°C with 5% CO2.

The isolation and culture of bone marrow-derived 
macrophages (BMDMs) in mice

The C57BL/6 mice were euthanized by excessive anesthesia. 
The femur and the tibia on both legs were removed and the 
bone marrow was washed out by RPMI-1640 medium. The 
suspensions were then passed through a 70 μm stainless 
steel mesh and red blood cells were lysed by Red Blood Cell 
Lysis Buffer. After centrifugation, cells were cultured in 
RPMI-1640 medium supplemented with 10% FBS and 
were primed with 20 ng/ml rmM-CSF (416-ML, R&D) for 
2–3 days to become BMDMs. BMDMs were cultured at 
37°C with 5% CO2.

RNA interference

Three ARPC1B-targeting siRNAs (siARPC1B), three IRF2- 
targeting siRNAs (siIRF2) and a negative control siRNA 
(siNC) synthesized by Sangon Biotech (Shanghai, China) 
were transfected into U87, PGC28, GSC21 and THP1- 
derived macrophage cells with Lipofectamine 3000 reagent 
(L3000015, Invitrogen) according to the manufacturer’s 
instructions. For transfecting GSC21 cells, the glioma-
spheres were dissociated into single cells with Accutase 
and then seeded in six well plates coated with 0.5% 
laminin (L2020, Sigma) preparedly in advance. Cells 
were harvested for the next assay after incubated for 
48 h. The siRNA sense and antisense sequences were as 
follows:

siNC: UUCUCCGAACGUGUCACGUTT and ACGUGAC 
ACGUUCGGAGAATT; siARPC1B-467: GCUCUCGUGU 
GAUCUCCAUTT and AUGGAGAUCACACGAGAGCTT; 
siARPC1B-731: GGGUACAUGGCGUCUGUUUTT and AA 
ACAGACGCCAUGUACCCTT; siARPC1B-1025: UCCAG 
AACCUGGACAAGAATT and UUCUUGUCCAGGUUCU 
GGATT; siIRF2-653: GCGGUCCUGACUUCAACUAUATT 
and UAUAGUUGAAGUCAGGACCGCTT; siIRF2-767: CCA 
GACAUUUGCCAAGUUGUATT and UACAACUUGGC 
AAAUGUCUGGTT; siIRF2-1014: CCUUCGUCACUUCCA 
ACAAACTT and GUUUGUUGGAAGUGACGAAGGTT.

Lentivirus transfection

Lentiviruses carrying ARPC1B knockdown or control vectors 
were purchased from GeneChem. The lentivirus transduction 
was performed as the manufacturer’s instructions from 
GeneChem. For transfecting GSC21 cells, the gliomaspheres 
were dissociated into single cells with Accutase and then 
seeded in six well plates coated with 0.5% laminin preparedly 
in advance. The transfected cells were then selected using 3 μg/ 
ml puromycin (REVG1001, GeneChem) for 15 days. The effi-
ciency of ARPC1B knockdown was assessed at the protein level 
by Western blotting analysis.

Co-culturing system

Six-well transwells (3450, Corning) were used for creating co- 
culturing system. For macrophages, we first added 5 nM PMA 
into THP-1 cells with ARPC1B knockdown or negative control 
for 48 h in the upper chambers, which could stimulate THP-1 
cells to become THP1-derived macrophages. The 6-well trans-
well inserts with macrophages were then transferred to another 
6 well plate which was pre-seeded with different glioma cells 
and co-cultured for another 48 h. The macrophages in the 
upper chambers were used for migration assay while the 
glioma cells in the lower chambers were collected for migration 
and invasive assay and Western blot test. For microglia, we first 
planted HMC3 with ARPC1B knockdown or negative control 
into the upper chambers, and then transferred the 6-well 
transwell with HMC3 to another 6-well plate which was pre- 
seeded with different glioma cells and co-cultured for another 
48 h. The glioma cells in the lower chambers were collected for 
migration and invasive assay and Western blot test.

Conditional medium collection

For macrophages, THP-1 cells transfected by ARPC1B knock-
down lentivirus previously were induced to THP1-derived 
macrophages by PMA for 48 h. After removing the super-
natant, macrophages were incubated with serum-free RMPI- 
1640 medium and collected the supernatant after 24 h incuba-
tion. Supernatant was mixed with equal volume proportion of 
RPMI-1640 medium containing 10% FBS to prepare condi-
tional medium (CM). For U87 and PGC28 cells, U87 and 
PGC28 were transfected by a pool of three ARPC1B-targeting 
siRNAs for 48 h. After removing the supernatant, U87 and 
PGC28 were incubated with serum-free RMPI-1640 medium 
and collected the supernatant after 24 h incubation. 
Supernatant was mixed with equal volume proportion of 
RPMI-1640 medium containing 10% FBS to prepare CM.

Cell migration and invasion assay

Transwell inserts with a pore size of 8 µm (3422, Corning) were 
used for in vitro cell migration and invasion assays. To assess 
cell migration, U87 were resuspended in DMEM containing 
0.2% FBS and seeded into the upper chambers of the transwell 
insert at a density of 2 × 104 /200 µl. A 600 µl volume of DMEM 
containing 20% FBS was added to the lower chamber. 
Macrophages, PGC28 and GSC21 were resuspended in 
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RMPI-1640 containing 0.2% FBS and seeded into the upper 
chambers of the transwell insert at a density of 2 × 104 /200 µl. 
A 600 µl volume of RMPI-1640 containing 20% FBS was added 
to the lower chamber. For the invasion assay, U87 were resus-
pended as described above and seeded into the upper chamber 
of the insert that was pre-coated with 500 ng/ml Matrigel 
solution (356237, Corning) at a density of 4 × 104 /200 µl. 
A 600 µl volume of DMEM containing 20% FBS was added to 
the lower chamber. PGC28 and GSC21 were resuspended as 
described above and seeded into the upper chamber of the 
insert that was pre-coated with 500 ng/ml Matrigel solution 
at a density of 4 × 104 /200 µl. A 600 µl volume of RMPI-1640 
containing 20% FBS was added to the lower chamber. After 22– 
24 h, cells on the upper side of the membrane were removed 
with a cotton swab. The membrane was fixed with methanol 
and stained with 1% crystal violet solution (G1062, Solarbio). 
The cells that had migrated to the lower side of the membrane 
were observed and photographed by the upright Microscope.

Cell proliferation assay

U87 and PGC28 cells were seeded into 96-well plates at 
a density of 1 × 103 cells in 200 μl medium per well and 
incubated at 37°C with 5% CO2 for 5 days. The cell growth 
was measured by adding 20 μl MTS solution (G3581, Promega) 
into the wells and incubated for 3 h at 37°C. Optical density 
(OD) values of each well were determined with a microplate 
reader (VICTOR Nivo Multimode Microplate Reader, PE) at 
the absorbance of 490 nm.

Protein extraction and Western blotting

Total proteins from tissues and cells were extracted by 
whole-cell lysis buffer (P0013B, Beyotime) and quantitated 
as described previously.22 Same micrograms of protein 
from each sample was loaded onto a lane and electrophor-
esed using 10% SDS-PAGE followed by transfer to 
a polyvinylidene difluoride (PVDF) membrane (0.45 μm, 
Millipore). After being blocked with 5% skimmed milk, 
the PVDF membranes were incubated with the primary 
antibody overnight at 4°C. Then, the PVDF membranes 
were incubated with the secondary antibodies at room 
temperature for 1 h. Protein expression was visualized 
with a chemiluminescence ECL reagent (180–5001, 
Tanon).

Real-time quantitative PCR (RT-PCR)

Total RNA was isolated from cell using MiniBEST Universal 
RNA Extraction Kit (9767, TaKaRa) according to the manu-
facturer’s instructions. Total RNA was reversely transcribed 
into cDNA with Prime-Script RT Master Mix (RR036Q, 
TaKaRa). qPCR was performed with SYBR Green Master Mix 
(RR820A, TaKaRa) for triplicate. The following conditions 
were used: 1 cycle of 95°C for 30s, followed by 40 cycles of 
a two-step cycling program (95°C for 5s; 60°C for 30s). The 
mRNA expression of target genes was calculated by the 2−ΔΔCt 

method and normalized to 18s mRNA expression.

Flow cytometry

The detailed protocol of flow cytometry was done as previously 
described.23 FACS data were analyzed using FlowJo software 
(version 10.4).

Tumor xenografts transplantation

Six-week-old male BALB/c nude mice were purchased from 
Beijing Vital River Laboratory Animal Technology. For deter-
mining the malignant effects of ARPC1B in macrophages, 3 µl 
cell suspension (shNC/shARPC1B-THP1 derived macrophages 
1 × 105 with U87 1 × 105; shNC/shARPC1B-THP1 derived 
macrophages 1 × 105 with GSC21 2 × 105) were injected into 
the mice brains as previously described.24 For eliminating the 
faded role of intrinsic macrophages in mice, we injected clopho-
somes (clodronate liposomes, Liposoma BV) intraperitoneally 
into BALB/c nude mice every 2 days for 2 weeks to deplete the 
intrinsic macrophages in mice. Next, we co-transplanted macro-
phages and U87 cells (shNC/shARPC1B-THP1 derived macro-
phages 1 × 105 with U87 1 × 105) into BALB/c nude mice 
treated with clophosomes previously. For detecting the malig-
nant effects of glioma-intrinsic ARPC1B, 3 µl cell suspension 
(shNC/shARPC1B-U87: 1 × 105; shNC/shARPC1B-GSC21: 
2 × 105) were injected into the mice brains. Mice were sacrificed 
at same time for IHC analysis or observed until death for 
survival analysis. The section with the largest tumor cross- 
sectional area was selected for tumor size measurement in 
intracranial glioma models. For subcutaneous tumor models, 
3 × 106 of ARPC1B knockdown U87 cells in 200 µl of PBS were 
subcutaneously injected into the left flank of BALB/c nude mice. 
The tumor size was measured every 4 days with a vernier 
caliper. The following formula was used to calculate the tumor 
volume: V = (length × width2)/2. The mice were sacrificed by 
cervical dislocation at day 35 after implantation, and the tumors 
were photographed.

Four-to-six-week-old male C57BL6 mice were purchased 
from Beijing Vital River Laboratory Animal Technology. For 
determining the malignant effects of ARPC1B in macrophages, 
3 µl cell suspension (shNC/shARPC1B-BMDMs 2 × 105 with 
GL261 2 × 105) were injected into the mice brains. Mice were 
sacrificed at same time for IHC analysis or observed until death 
for survival analysis. All mice were resided in specific patho-
gen-free (SPF) conditions.

Ethics statement

The experimental protocol was approved by the ethics com-
mittee of The First Hospital of China Medical University. 
Animal experiments were conducted in accordance with the 
China Medical University Animal Care and Use Committee 
guidelines and approved by the Institutional Review Board of 
The First Hospital of China Medical University.

Statistical analysis

GraphPad Prism 8, and R 4.0.2 (https://www.r-project.org/) 
software were used for statistical analysis. Pearson correlation 
was used to calculate correlations. Univariate Cox regression 
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analysis was performed by R Survival package. Patients were 
divided into high expression group and low expression group 
based on their median ARPC1B expression. The prognostic 
difference was evaluated by Kaplan–Meier survival analysis 
and log-rank test. Date were presented as mean ± standard 
deviation. Student’s t-test was used to assess differences and 
statistical significance was defined as a 2-tailed P value < .05.

Results

ARPC1B is the key macrophage-associated gene with 
prognostic value in GBM

As TAMs played a vital role in GBM progression, we sought to 
identify key factors that facilitate TAMs (Supplementary Figure 
S1). We first compiled a “macrophage” gene set as previously 
reported (Supplementary Table 1),25 and then GSVA algorithm 
was used to calculate a “macrophage score” based on the gene 
set above. The CGGA and TCGA GBM cohorts were analyzed 
for screening. First, we calculated the correlation between gene 
expression level and the macrophage score in GBM by Pearson 
correlation analysis. The top 250 score-correlated genes 
according to the Pearson correlation coefficient were, respec-
tively, filtered out in CGGA and TCGA GBM cohorts. One 
hundred and thirty-three genes were positively correlated with 
the macrophage score in both CGGA and TCGA GBM cohorts 
(Supplementary Table 2). Second, Cox regression analysis indi-
cated that 13 of the 133 genes had prognostic significance 
(P < .05) in both cohorts (Supplementary Table 3). Third, the 
Kaplan–Meier curve and log-rank analysis narrowed down the 
13 candidates to five genes for which high expression robustly 
conferred reduced overall survival (OS) in both GBM cohorts 
(P < .05). Since the role of ARPC1B, one of these five genes, in 
glioma has not been investigated, we focused on ARPC1B for 
further exploration.

ARPC1B is highly expressed and strongly associated with 
TAMs in GBM

To further investigate the clinical significance of ARPC1B in 
glioma, we analyzed its expression in CGGA and TCGA 
cohorts. The expression level of ARPC1B was significantly 
higher in grade IV (GBM) than that of grade II and III tumors 
(Figure 1a). These results were further verified using immuno-
histochemistry (Figure 1b and Supplementary Figure 2a) and 
Western blotting (Figure 1d and Supplementary Figure 2b) of 
clinical tumor tissues with diverse grades. In addition, 
ARPC1B expression was significantly higher in IDH-wild- 
type tumors compared with IDH-mutant tumors, no matter 
in all grades or GBM (Supplementary Figure 2c).

To further investigate the relationship between ARPC1B 
and TAMs, immunohistochemistry staining of ARPC1B and 
IBA1 (a macrophage marker) was conducted with 30 clinical 
GBM samples (Figure 1d). We found a strongly positive corre-
lation between ARPC1B expression and macrophage infiltra-
tion (Supplementary Figure 2d, r = 0.706, P < .0001), which 
indicated that higher ARPC1B levels were associated with more 
TAMs infiltration in GBM (Figure 1e). Consistently, ARPC1B 
expression was significantly correlated with the macrophage 

score in both CGGA and TCGA GBM cohorts (Supplementary 
Figure 2e). These results suggested that ARPC1B is a malignant 
indicator correlated with TAMs.

Considering the role of ARPC1B in higher tumor malig-
nancy and regulating TAMs, the prognostic value of ARPC1B 
in GBM was next evaluated in both CGGA and TCGA cohorts. 
Kaplan–Meier curves and log-rank tests indicated that GBM 
patients with higher ARPC1B expression generally had shorter 
OS than those with lower expression (Figure 1f). The same 
trend of prognosis was found in gliomas of all grades 
(Supplementary Figure 2f). There was a significant difference 
in OS between GBM patients with high and low ARPC1B 
expression among those with IDH wild-type, whereas no 
such difference was found among GBM patients with IDH- 
mutant (Supplementary Figure 2g and h). Together, these 
results suggest that ARPC1B is associated with GBM progres-
sion and TAMs infiltration, which lead to unsatisfactory 
outcomes.

ARPC1B in macrophages promotes motility and epithelial– 
mesenchymal transition (EMT) of glioma cells

Our results from clinical tissue samples and public databases 
motivated us to further investigate the in-depth mechanisms 
involved in the interconnection among ARPC1B, TAMs, and 
glioma cells. THP-1 cells were differentiated into macrophages, 
followed by co-culture with glioma cells for 48 h in a transwell 
co-culture system (Figure 2a). We found that ARPC1B knock-
down in macrophages significantly decreased their recruiting 
ability (Supplementary Figure S3a-c). Subsequently, we recon-
noitered the effects of ARPC1B in macrophages on the pheno-
types of glioma cells. The number of migrating and invasive 
glioma cells, both U87 and PGC28 (a primary glioma cell line 
derived from GBM specimen) cells, were significantly 
decreased after co-culture with ARPC1B-knockdown macro-
phages (Figure 2b–d). But there had no effects on the prolif-
eration of glioma cells (Supplementary Figure S3d and e). 
These alterations suggested that ARPC1B knockdown in 
macrophages might alleviate the EMT status of glioma cells 
after co-culture. Indeed, the reduced EMT status of glioma cells 
after co-culture with ARPC1B-knockdown macrophages was 
confirmed by decreased protein expression of N-cadherin and 
vimentin, but increased expression of E-cadherin (Figure 2e). 
The same effects on the migration, invasion, and EMT status of 
glioma cells were found after treatment with the conditioned 
medium (CM) of ARPC1B-knockdown macrophages 
(Supplementary Figure S3f-j). We further isolated bone mar-
row-derived macrophages (BMDMs) in mice to corroborate 
the effect of ARPC1B in macrophages on glioma cells. GL261 
were co-cultured with ARPC1B-knockdown BMDMs or nega-
tive control BMDMs (Supplementary Figure S4a). The migra-
tion and invasion abilities of GL261 co-cultured with ARPC1B- 
knockdown BMDMs were diminished and the EMT status of 
these cells was also restrained (Supplementary Figure S4b-e).

Microglia, as the brain-intrinsic myeloid cells, played simi-
lar role as macrophages in driving tumor progression.26 

Therefore, we also explore the role of ARPC1B in microglia 
on malignant phenotype of glioma cells. HMC3 cells (a human 
microglia cell line) were transfected by lentiviruses to 
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knockdown ARPC1B expression and co-cultured with glioma 
cells (U87 and PGC28) for 48 h (Supplementary Figure S5a). 
We found that the number of migrating and invasive U87 and 
PGC28 cells were unchanged after co-cultured with ARPC1B- 

knockdown microglia (Supplementary Figure S5b-d). The 
EMT status of U87 and PGC28 cells were also examined, 
showing there were no difference in EMT status of glioma 
cells after co-cultured with ARPC1B-knockdown microglia 

Figure 1. The expression profile of ARPC1B and its relationship between TAMs in GBM. (a) Expression of ARPC1B differed by grade in CGGA and TCGA cohorts (Student’s 
t test). (b) IHC staining of ARPC1B in clinical tissues with different grades. (c) Western blotting of ARPC1B in clinical tissues with different grades. (d) IHC staining of 
ARPC1B and IBA1(a marker of macrophages) in clinical GBM tissues (n = 30). (e) Statistical graph of IHC staining of ARPC1B and macrophage infiltration (IBA1) in clinical 
GBM tissues (Student’s t test, n = 30). (f) Kaplan-Meier survival analysis identified ARPC1B as a stable unfavorable prognostic factor in CGGA and TCGA GBM cohorts (log- 
rank test). (* means P < .05, *** means P < .001, **** means P < .0001).
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(Supplementary Figure S5e). These results declared that the 
ARPC1B in macrophages facilitated the malignant phenotype 
of glioma cells, but not microglia.

We next tried to determine the malignant effects of macro-
phage-expressed ARPC1B in intracranial xenograft models. 
Results revealed that mice co-transplanted with U87 and 

Figure 2. ARPC1B in TAMs regulated the migration, invasion and EMT status of glioma cells. (a) The schematic illustration of co-culturing glioma cells and macrophages. 
(b-d) The migration and invasion ability of glioma cells after co-culturing with ARPC1B knockdown macrophages for 48 h (Student’s t test, n = 3). (e) The EMT status of 
glioma cells after co-culturing with ARPC1B knockdown macrophages for 48 h. (f) The percent survival of tumor-bearing mice after different cells implantation 
intracranially (log-rank test, n = 6). (g) HE staining of tumors in tumor-bearing mice after different cells implantation intracranially (numbers on image means the ratio of 
tumor area in whole mice brain area) (h) HE and IHC staining of tumors in tumor-bearing mice after different cells implantation intracranially. (* means P < .05, ** means 
P < .01, *** means P < .001).
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ARPC1B-knockdown macrophages had significantly pro-
longed survival time and smaller tumor size compared with 
the control group (Figure 2f,g). HE staining of tumors revealed 
a clear boundary between the tumor and normal tissue in mice 
co-transplanted with U87 and ARPC1B-knockdown macro-
phages compared with the control group, indicating that the 
migration and invasion ability of tumors was reduced 
(Figure 2h). Immunohistochemistry showed that co- 
transplantation of U87 cells and ARPC1B-knockdown macro-
phages resulted in an attenuated EMT status, characterized by 
a decrease in N-cadherin expression and an increase in 
E-cadherin expression (Figure 2h). Same experiments were 
performed in C57BL6 mice co-transplanted with GL261 and 
BMDMs for further verification, which also indicated that co- 
transplantation with GL261 and ARPC1B-knockdown 
BMDMs prolonged mice survival time, accompanied by smal-
ler tumor size and diminished EMT status compared with the 
control group (Supplementary Figure S6a-c).

Considering the role of ARPC1B in intrinsic macrophages 
of mice, clophosome (clodronate liposomes; 100 μl) was intra-
peritoneally injected into BALB/c nude mice every 2 days for 
2 weeks to deplete the intrinsic macrophages in mice 
(Supplementary Figure S6d). Then we co-transplanted macro-
phages and U87 cells in the mice treated with clophosome 
previously. Similar conclusions were confirmed that mice co- 
transplantated with U87 and ARPC1B-knockdown macro-
phages owned prolonged survival time. The tumor size in this 
group was also reduced compared with the control group 
(Supplementary Figure S6e and f). Taken together, these results 
indicated that ARPC1B in macrophages facilitated the malig-
nant phenotype of glioma cells.

Glioma-intrinsic ARPC1B mediates migration, invasion, 
and EMT alterations of themselves

When Western blot analysis was performed to examine the 
EMT status of glioma cells after co-cultured with macro-
phages, we surprisingly observed that the ARPC1B expression 
in glioma cells was also reduced after co-culture with 
ARPC1B-knockdown macrophages (Figure 2e and 
Supplementary Figure S3j). We hypothesized that glioma- 
intrinsic ARPC1B also promoted the malignant phenotype 
of themselves. Immunofluorescence analysis of clinical GBM 
samples showed that there were cells expressing both 
ARPC1B and glial fibrillary acidic protein (GFAP), a glioma 
cell marker (Figure 3a). It supported a glioma-intrinsic 
ARPC1B expression. To examine the functions of ARPC1B 
in glioma cells in greater detail, we used two ARPC1B-specific 
siRNAs to knock down ARPC1B expression in U87 and 
PGC28 cells (Figure 3b), which significantly reduced the 
migratory and invasive abilities of both cell lines (Figure 3c– 
f). Moreover, after ARPC1B silencing, the expression of 
N-cadherin and vimentin was reduced, while E-cadherin 
expression was upregulated in glioma cells (Figure 3b). 
These data indicated that ARPC1B regulates the migration, 
invasion, and EMT status of glioma cells.

To determine the malignant effects of glioma-intrinsic 
ARPC1B in vivo, we intracranially transplanted U87 cells 
with ARPC1B knockdown into BALB/c nude mice 
(Supplementary Figure S7a). ARPC1B knockdown led to 
a prolonged survival and smaller tumor size (Figure 3g and 
Supplementary Figure S7b). HE staining revealed a clearer 
tumor border in mice of the ARPC1B-knockdown group 
(Figure 3h). Furthermore, immunohistochemical analyses 
demonstrated that ARPC1B and N-cadherin expression was 
reduced while E-cadherin was enriched in ARPC1B knock-
down group (Figure 3h). Subcutaneously transplanted 
ARPC1B-knockdown U87 cells significantly decreased subcu-
taneous tumor growth and their EMT status (Supplementary 
Figure S7c-e). These data highlighted the important role of 
glioma-intrinsic ARPC1B in promoting the tumorgenicity of 
glioma cells.

ARPC1B in macrophages regulates phenotype changes of 
glioma cells via IFNγ-IRF2-ARPC1B axis

Since glioma-intrinsic ARPC1B regulated malignant pheno-
type of glioma cells themselves and the expression of glioma- 
intrinsic ARPC1B was also reduced after co-cultured with 
ARPC1B-knockdown macrophages, we hypothesized that the 
malignant phenotype alterations of glioma cells after co- 
culture with ARPC1B-knockdown macrophages were due to 
the effects on glioma-intrinsic ARPC1B expression. A cytokine 
array was performed to determine the factors secreted by 
ARPC1B-knockdown macrophages that could potentially act 
as signals for regulating the malignant phenotype of glioma 
cells. Among the 36 cytokines in the array, interferon-gamma 
(IFNγ) was the most strongly down-regulated in ARPC1B- 
knockdown macrophages co-cultured with U87 cells compared 
with the level in the control group (Figure 4a). Therefore, we 
further focused on IFNγ to determine the regulation mechan-
ism. The PCR results confirmed that IFNγ significantly 
induced ARPC1B overexpression in U87 and PGC28 cells 
(Supplementary Figure S8a), and Western blotting results 
demostrated that IFNγ enhanced ARPC1B expression and 
EMT status (Figure 4b). We further added IFNγ into the co- 
culturing system to determine the malignant phenotype altera-
tions of glioma cells. The decreased migration, invasion, and 
EMT status of glioma cells induced by co-culture with 
ARPC1B-knockdown macrophages were all rescued by the 
addition of IFNγ to the co-culture system (Figure 4c–g). 
These data indicated a role of IFNγ in facilitating the GBM- 
TAMs network based on ARPC1B.

To further explore the ARPC1B-promoting mechanisms 
of IFNγ, we predicted the transcription factors (TF) of 
ARPC1B through the PROMO website, revealing 16 TFs 
(Supplementary Table S4). GSE55750, a database containing 
expression profiling of glioma cell after IFNγ stimulation, 
was next analyzed. 2054 genes showed upregulated expres-
sion in glioma cells after IFNγ treatment (Supplementary 
Table S5). After taking the intersection of the 16 predicted 
TFs and 2054 genes, four common genes (ATF3, CEBPA, 
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CEBPB and IRF2) were obtained (Supplementary Figure 
S8b). Among these four genes, only IRF2 was confirmed 
to be overexpressed in IFNγ-stimulated U87 and PGC28 
cells and reduced in both cell lines co-cultured with 
ARPC1B-knockdown macrophages (Supplementary Figure 
S8c-e). In CGGA GBM cohort, IRF2 expression was found 
to be enhanced in high ARPC1B expression group and was 
positively correlated with ARPC1B expression (Figure 4h,i). 
Therefore, we further explored the role of IRF2 in the 

IFNγ-stimulated ARPC1B expression of glioma cells. 
Western blotting confirmed that IRF2 expression was 
downregulated in glioma cells after co-culture with 
ARPC1B-knockdown macrophages, which could be rescued 
by IFNγ treatment (Figure 4g). IRF2 knockdown with spe-
cific siRNAs also decreased the glioma-intrinsic ARPC1B 
expression level, and drastically attenuated the ability of 
IFNγ to upregulate ARPC1B expression and EMT status 
(Figure 4j). Taken together, these data suggested that 

Figure 3. Glioma-intrinsic ARPC1B promoted the malignant phenotypes of themselves. (a) Dual Immunofluorescence of ARPC1B and GFAP in clinical GBM samples. (b) 
The ARPC1B expression and EMT status of glioma cells after two ARPC1B-siRNAs’ transfections. (c-d) The migration ability of glioma cells after ARPC1B knockdown by 
two ARPC1B-siRNAs (Student’s t test, n = 3). (e-f) The invasion ability of glioma cells after ARPC1B knockdown by two ARPC1B-siRNAs (Student’s t test, n = 3). (g) 
The percent survival of tumor-bearing mice after U87 with ARPC1B knockdown or negative control implanted intracranially (log-rank test, n = 5). (h) HE and IHC staining 
of tumors in tumor-bearing mice after U87 with ARPC1B knockdown or negative control implanted intracranially. (* means P < .05, ** means P < .01, *** means P < .001, 
**** means P < .0001).
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Figure 4. ARPC1B regulated the GBM-TAMs networks by IFNγ-IRF2-ARPC1B axis. (a) The expression of several cytokines in ARPC1B knockdown macrophages co-cultured 
with U87 cells compared to control group (Student’s t test, n = 3). (b) Western blotting of ARPC1B, IRF2 and EMT status after glioma cells treated with different doses of 
IFNγ. (c-d) The migration ability of glioma cells after co-culturing with ARPC1B knockdown TAMs with or without IFNγ stimulation for 48 h (Student’s t test, n = 3). (e-f) 
The invasion ability of glioma cells after co-culturing with ARPC1B knockdown macrophages with or without IFNγ stimulation for 48 h (Student’s t test, n = 3). (g) 
Western blotting of ARPC1B, IRF2 and EMT status of glioma cells after co-culturing with ARPC1B knockdown TAMs with or without IFNγ stimulation for 48 h. (h) The 
expression correlation of IRF2 and ARPC1B in CGGA GBM cohort (Pearson correlation, n = 138). (i) The expression of IRF2 in high and low ARPC1B group in CGGA GBM 
cohort (Student’s t test). (j) Western blotting of ARPC1B, IRF2 and EMT status of glioma cells after different doses of IFNγ stimulation with or without IRF2 knockdown. (* 
means P < .05, ** means P < .01, *** means P < .001, **** means P < .0001).
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ARPC1B deficiency in macrophages led to the downregula-
tion of glioma-intrinsic ARPC1B through impairing the 
IFNγ-IRF2-ARPC1B axis.

Glioma-intrinsic ARPC1B promotes macrophage 
recruitment

During the progression of GBM, glioma cells can attract 
macrophages to create an immunosuppressive microenviron-
ment and thus leading to unsatisfied outcome.27 Since we 
found a co-expression tendency of ARPC1B and IBA1 in 
clinical GBM samples (Figure 1d), we examine whether 
glioma-intrinsic ARPC1B promoted macrophage recruitment. 
GSEA of CGGA GBM data demonstrated significant enrich-
ment in the “macrophage chemotaxis” gene set with high 
ARPC1B expression (Figure 5a and Supplementary Table S6). 
PCA also confirmed a distinct “macrophage chemotaxis” phe-
notype between GBM patients with low and high ARPC1B 
expression (Supplementary Figure S9a). In vitro experiments 
showed that incubation of CM from ARPC1B-knockdown 
glioma cells strongly decreased macrophage migration 
(Figure 5b,c). The migration of BMDMs was also noticeably 
decreased when CM from ARPC1B-knockdown GL261 cells 
was used as a chemoattractant (Supplementary Figure S9b and 
c). ARPC1B-knockdown glioma cells also weakened IBA1 
expression in both intracranial xenograft and subcutaneous 
mouse models (Figure 3h and Supplementary Figure S7e). 
We also detected the expression of several chemokines and 
found that CCL2 and CCL7 were downregulated in ARPC1B- 
knockdown glioma cells (Figure 5c). Together, these results 
showed that intrinsic ARPC1B in glioma cells promotes 
macrophage recruitment, which might be regulated by CCL2 
and CCL7.

ARPC1B regulates positive feedback between TAMs and 
glioma cells in patient-derived gliomaspheres

Finally, we evaluated the effects of ARPC1B in patient-derived 
gliomasphere GSC21 cells, which more faithfully retain the 
genetic features of primary GBM. The migration, invasion 
and EMT status of GSC21 cells were reduced by co-culture 
with ARPC1B-knockdown macrophages and these alterations 
were all rescued by IFNγ treatment (Figure 6a–c and 
Supplementary Figure S10a). The ARPC1B expression level 
and EMT status were also enhanced after treatment with 
IFNγ (Supplementary Figure S10b). We further co- 
transplanted GSC21 cells with macrophages into BALB/c 
nude mice. Results showed that co-transplantation with 
ARPC1B-knockdown macrophages prolonged the survival 
time of tumor-bearing mice, decreased tumor growth and 
dampened EMT status in vivo (Figure 6d,e). The role of 
glioma-intrinsic ARPC1B was also corroborated in GSC21 
cells. After silencing GSC21-intrinsic ARPC1B expression 
with two siRNAs, the migratory, invasion and EMT status of 
GSC21 cells were markedly altered (Figure 6f–h and 
Supplementary Figure S10c). The intracranial xenograft 
model was further established using GSC21 cells in BALB/c 
nude mice (Supplementary Figure S10d). High expression of 
ARPC1B was strongly correlated with a poor prognosis of 

tumor-bearing mice (Figure 6i). The downregulation of 
ARPC1B significantly decreased the tumor volume and 
resulted in a weakened invasive morphology (Figure 6j and 
Supplementary Figure S10e). Moreover, immunohistochemical 
analysis indicated that higher ARPC1B expression was accom-
panied by an enhanced EMT status (Figure 6j). We also dis-
covered a co-expression tendency of ARPC1B and IBA1, 
indicating that GSC21-intrinsic ARPC1B significantly 
increased the recruitment of TAMs in vivo (Figure 6j). These 
data support the hypothesis of positive feedback signaling 
between TAMs and glioma cells based on ARPC1B during 
glioma development and progression.

Discussion

Tumor-promoting immune disorder has been regarded as one 
of the factors contributing to GBM progression.28 An in-depth 
understanding of the biology of the immunosuppressive TME 
in GBM may reveal new therapeutic targets. In particular, 
TAMs comprise nearly 30–50% of the cells in the TME. Our 
previous study demonstrated the crucial role of TAMs in 
glioma malignancy, immunosuppressive microenvironment 
and unfavorable prognosis.3 In the present study, we identified 
ARPC1B was the key macrophage-associated gene with prog-
nostic value in GBM, which was associated with malignancy 
and TAMs enrichment. Subsequently, we demonstrated that 
ARPC1B in macrophages promoted glioma cells migration, 
invasion and EMT status, whereas glioma-intrinsic ARPC1B 
also enhanced the migration, invasion and EMT status of 
themselves. Meanwhile, glioma-intrinsic ARPC1B promoted 
macrophage chemotaxis. Exploring the role of ARPC1B in 
GBM-TAMs regulating network (Figure 5d) might expand 
our understanding of TME and provide us a novel biomarker 
and therapeutic target in GBM.

Our study was the first time to demonstrate the malignant 
role of ARPC1B in glioma progression. Recent evidences were 
presented for proving the tumor-promoting role of ARPC1B. 
First, the expression of ARPC1B was consistently enhanced 
along with increasing glioma grade, as confirmed in the bioin-
formatic analysis and immunohistochemistry or Western blot-
ting of clinical tissues. Second, experiments in vitro and in vivo 
both illuminated the tumor-promoting role of ARPC1B 
(migration, invasion and EMT status), no matter in glioma 
cells or in macrophages. The expression of E-cadherin, 
a negative regulator of EMT, was found to be negatively corre-
lated with ARPC1B expression. E-cadherin played a role of 
invasion suppressor to inhibit tumor progression, which 
further confirmed the tumor-promoting role of ARPC1B.29,30 

Third, glioma-intrinsic ARPC1B promoted TAMs infiltration, 
while TAMs were clearly reported to facilitate glioma progres-
sion. These all can explain the positive role of ARPC1B in 
glioma progression. Several studies had revealed a weak rela-
tionship between ARPC1B and tumor progression in other 
cancer types, which corroborate our results to some extent.16– 

18 Together, these findings suggested that ARPC1B aggravated 
glioma malignancy.

For myeloid cells in brain, it consists of brain-resident 
microglia and infiltrated macrophage from the blood 
stream.31 Therefore, we respectively examined the role of 
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ARPC1B in macrophage and microglia affecting the malignant 
phenotype of glioma cells. Our study illustrated that only the 
ARPC1B in macrophage, not microglia, could promoted the 
malignancy of glioma cells (migration, invasion and EMT 
status). As reported, macrophages account for a larger propor-
tion than microglia in glioma. Macrophages derived from 
bone-marrow accounted for 85% while brain-resident micro-
glia accounted for other 15% of myeloid cells.32 Moreover, the 
total number of microglia cells does not vary with the grade of 
malignancy, but macrophages enrich in high-grade gliomas.33 

Our previous study also confirmed that macrophage, but not 
microglia, was identified with prognostic significance in glioma 
progression.3 These results strengthened the important role of 
macrophages in glioma progression. Meanwhile, TAMs initiate 
proinflammatory (M1) or immunosuppressive (M2) function 

depending on their polarization status.34,35 M2-like macro-
phage was the main macrophage type that induced immuno-
suppressive microenvironment and thus accelerated glioma 
progression. Our results indicated that ARPC1B in macro-
phages played a tumor-promoting role in glioma malignancy. 
ARPC1B was also found to create immunosuppressive micro-
environment by strongly correlated with immunosuppressors 
and immune inhibitory checkpoints (PD-1, PD-L1 and TIM3; 
data not shown). Considering the role of ARPC1B in immu-
nosuppressive microenvironment and glioma progression, we 
hypothesized that ARPC1B in M2-like macrophage could be 
upregulated to promote the malignant phenotype of glioma 
cells more likely. Further studies should be performed to 
investigate the role of ARPC1B in macrophage polarization 
status that promote tumor invasion.

Figure 5. Glioma-intrinsic ARPC1B controlled the recruitment of macrophages. (a) “Macrophage Chemotaxis” term enriched in high ARPC1B group in CGGA GBM cohort. 
(b-c) The migration ability of THP1-derived macrophages decreased under the CM from ARPC1B-knockdown glioma cells (Student’s t test, n = 3). (d) PCR results of 
several chemokines in ARPC1B-knockdown glioma cells (Student’s t test, n = 3). (e) The illustration of the regulating networks between glioma cells and TAMs based on 
ARPC1B. (* means P < .05, ** means P < .01, *** means P < .001, **** means P < .0001).
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Figure 6. ARPC1B regulated positive feedback signaling between TAMs and glioma cells in patient-derived gliomasphere GSC21 cells. (a) The migration ability of GSC21 
cells after co-culturing with ARPC1B knockdown macrophages with or without IFNγ stimulation for 48 h (Student’s t test, n = 3). (b) The invasion ability of GSC21 cells 
after co-culturing with ARPC1B knockdown macrophages with or without IFNγ stimulation for 48 h (Student’s t test, n = 3). (c) Western blotting of ARPC1B, IRF2 and EMT 
status of GSC21 cells after co-culturing with ARPC1B knockdown macrophages with or without IFNγ stimulation for 48 h. (d) The percent survival of tumor-bearing mice 
after different cells implantation intracranially (log-rank test, n = 6). (e) HE and IHC staining of tumors in tumor-bearing mice after different cells implantation 
intracranially (numbers on image means the ratio of tumor area in whole mice brain area). (f) The migration ability of GSC21 cells after ARPC1B knockdown by two 
ARPC1B-siRNAs (Student’s t test, n = 3). (g) The invasion ability of GSC21 cells after ARPC1B knockdown by two ARPC1B-siRNAs (Student’s t test, n = 3). (h) ARPC1B 
expression and EMT status of GSC21 cells after two ARPC1B-siRNAs’ transfections. (i) The percent survival of tumor-bearing mice after GSC21 with ARPC1B knockdown or 
negative control implanted intracranially (log-rank test, n = 6). (j) HE and IHC staining of tumors in tumor-bearing mice after GSC21 with ARPC1B knockdown or negative 
control implanted intracranially. (* means P < .05, ** means P < .01).
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Previous studies on genes associated with a poor prognosis 
of GBM only concentrated on their impact on tumor cells, 
whereas their effects on non-tumor cells had been largely 
neglected. Our study demonstrates that ARPC1B in macro-
phages instructively promoted the metastatic progression 
(migration, invasion and EMT status) of glioma cells. 
Previous studies on GBM-TAMs regulating networks indicated 
that glioma cells can regulate the chemotaxis and polarization 
of TAMs,36,37 and in turn TAMs can affect the malignant 
phenotype of glioma cells.26,38,39 Based on this GBM-TAMs 
network, GBM possessed the characteristics of high recurrence 
rate and high mortality. Our in vitro and vivo experiments 
revealed that the same gene (that is, ARPC1B) can act as 
a driver of malignant progression of tumors whether it is 
expressed in TAMs or tumor cells, which is similar to the 
effects of programmed death-1 (PD-1).40,41 Thus, ARPC1B 
has a tumor-promoting role in both TAMs and glioma cells.

Recent studies of ARPC1B mostly focused on its function in 
immune cells.12–14 Through a thorough analysis of CGGA and 
TCGA GBM cohorts, ARPC1B was found to be the key gene 
that was characterized by strongly positive correlation with 
TAMs and prognostic value in GBM. We also performed 
bioinformatic analysis, IHC staining of GBM species, experi-
ments in vitro and vivo to affirm the relationship between 
ARPC1B and macrophages, which was highly convinced. 
Moreover, GBM patients with IDH-wildtype exhibited higher 
ARPC1B expression than patients with IDH-mutant GBM. 
Compared with IDH-mutant gliomas, patients with IDH- 
wildtype have been shown to have higher infiltration of 
immune cells and macrophages.42 We also found that 
ARPC1B had prognostic significance only for patients with 
IDH-wildtype and not IDH mutant. These findings suggested 
that ARPC1B contributes to the poor prognosis of GBM 
patients by regulating TAMs.

Interferons play a critical role in the immune system process 
and antitumour immune response. However, analysis of differ-
entially expressed cytokines caused by ARPC1B knockdown in 
TAMs identified IFNγ as the mediator between glioma cells 
and TAMs. Moreover, IFNγ could reverse the decreased 
migration, invasion and EMT status of glioma cells induced 
by co-culture with ARPC1B-knockdown macrophages. IFNγ 
also promoted the EMT status in glioma cells. These findings 
indicate that IFNγ promotes the malignant phenotypes of 
glioma cells. Indeed, several studies have shown the tumor- 
promoting and EMT-enhancing role of IFNγ in tumor cells.43– 

45 We previously developed an interferon risk signature, which 
was confirmed to be an independent indicator for an unfavor-
able prognosis in glioma.19 Therefore, our results suggest that 
IFNγ facilitates the TAMs-GBM network based on ARPC1B to 
promote the malignancy of glioma cells.

The interferon regulatory factor (IRF) proteins family were 
the crucial factors in immunoregulation, cell proliferation reg-
ulation and cellular response which was involved in 
tumorigenesis.46,47 Database analysis predicted IRF2, a member 
of the interferon regulatory factor (IRF) family, as a TF of 
ARPC1B, which was confirmed to regulate IFNγ-stimulated 
ARPC1B expression. Western blotting showed that IRF2 defi-
ciency blocked the upregulation of ARPC1B caused by IFNγ 

treatment, suggesting that IRF2 also plays an oncogenic role in 
glioma progression. Several studies indicated the potential onco-
genic roles of IFNγ through enrichment of IRF2.48 Moreover, 
IRF2 was associated with a more advanced pathological grade 
and worse outcomes in glioma patients.49 These results point to 
a role of IRF2 not only in the IFNγ-mediated regulation of 
ARPC1B expression but also in glioma progression.

In summary, our study suggests ARPC1B as a novel med-
iator regulating the GBM-TAMs network, which jointly pro-
motes the malignant progression of GBM. Further research 
should be carried out to confirm the crucial role of ARPC1B 
in GBM, which could contribute to improving understanding 
of the properties and functions of the TME and help to develop 
new treatment strategies for improving the prognosis of 
patients with GBM.
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